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Abstract We investigate a speculative short-distance
force, proposed to explain discrepancies observed be-
tween measurements of certain neutral current decays
of B hadrons and their Standard Model predictions.
The force derives from a spontaneously broken, gauged
U(1)B3−L2 extension to the Standard Model, where the
extra quantum numbers of Standard Model fields are
given by third family baryon number minus second fam-
ily lepton number. The only fields beyond those of the
Standard Model are: three right-handed neutrinos, a
gauge field associated with U(1)B3−L2 and a Standard
Model singlet complex scalar which breaks U(1)B3−L2 ,
a ‘flavon’. This simple model, via interactions involv-
ing a TeV scale force carrying Z ′ vector boson, can
successfully explain the neutral current B−anomalies
whilst accommodating other empirical constraints. A
combination of up-to-date B−anomaly fits, LHC direct
Z ′ search limits and Bs−Bs mixing bounds imply that
MZ′ > 1.9 TeV at the 95% confidence level. The model
possesses a flavonstrahlung signal, where pp collisions
produce a Z ′ and a flavon, which subsequently decays
into two Higgs bosons.
1 Introduction
Data from the first decade of running of Large Hadron
Collider (LHC) experiments involving the decays of B
hadrons show some discrepancies with Standard Model
(SM) predictions. For example, measurements of the ra-
tio of branching ratiosRK(∗) = BR(B → K(∗)µ+µ−)/BR(B →
K(∗)e+e−) [1,2], BR(Bs → µ+µ−) [3,4,5,6] and some
angular distributions in K∗µ+µ− decays [7,8,9,10,11,
12] all show some discrepancy (there are others). Each
ae-mail: B.C.Allanach@damtp.cam.ac.uk
discrepant observable is only 1-4σ away from SM pre-
dictions but collectively, they point to a roughly similar
conclusion. Despite a recent flagship LHCb measure-
ment of RK fluctuating somewhat toward its SM pre-
diction (announced at the Moriond 2019 conference),
the overall picture remains. Relative theoretical uncer-
tainties, while taken into account in the number of sigma,
vary from less than 1% to 20%, depending on the partic-
ular observable in question. In summary, several mea-
surements of B hadron decays are somewhat inconsis-
tent with the SM prediction of the (s¯b)(µ¯µ) effective
coupling. We call these discrepancies the neutral cur-
rent1 B−anomalies (NCBAs).
Several different fits to over a hundredB−observables [14,
15,16,17,18,19] broadly agree: they favour a beyond the
SM contribution to the weak effective theory operator
LBSM = −C9N (s¯γρPLb)(µ¯γρµ) +H.c., (1)
where N = 1/(36 TeV)2 (in the present paper, C9 6= 0
means a contribution beyond the SM). We shall focus
on one of the fits for definiteness: Ref. [17], where the
result is that
C9 = −0.97± 0.15. (2)
The coefficient of the operator at the best-fit point has
a pull of 5.9σ away from the SM value of 0 (taking the
operator with PL inserted before the final µ field in (1)
provides an even better, but comparable, fit, 6.6σ away
from the SM value).
One possibility to generate such beyond the SM con-
tributions is from the interactions of a new electrically
neutral, massive, force carrying particle, dubbed a Z ′,
which has family dependent interactions. In particular,
1This is to distinguish some other discrepancies in BR(B →
D(∗)τν)/BR(B → D(∗)lν [13], which are charged current
processes and which we do not address here.
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2in order to explain the B−anomalies, the Lagrangian
density should include (with the possible inclusion or
exclusion of the second term) the interaction terms
Lint = −gµLµL /Z ′µL − gµRµR /Z ′µR
−gsb
(
sL /Z
′
bL +H.c.
)
, (3)
where gsb, gµL and gµR are all dimensionless coupling
constants. Once the Z ′ is integrated out, in the weak ef-
fective field theory, one obtains the Lagrangian density
terms
LWET = −gsbgµL
M2Z′
(sLγ
ρbL)(µLγρµL)
−gsbgµR
M2Z′
(sLγ
ρbL)(µRγρµR) +H.c. (4)
These are precisely of the type that can explain the
NCBAs: identifying (1) and (4) we see that
C9 = gsb(gµL + gµR)(36 TeV/MZ′)
2. (5)
Many models of flavoured Z ′ vector bosons have
been invented based on spontaneously broken gauged
U(1) flavour symmetries [20,21], for example from Lµ−
Lτ and other groups [22,23,24,25,26,27,28,29,30,31,
32,33,34,35,36,37,38,39,40,41,42,43,44,45,20,46,47,48,
49,50,51,52,53,54,55,56]. Some models have several abelian
groups in the extension [57], while some others [58,59]
generate BSM contributions with loop-level penguin di-
agrams. Some of the models are more ambitious than
others, providing more or less detail toward ultra-violet
completion.
In Refs. [42,44] a U(1)B3−L2 symmetry was pro-
posed to explain the neutral currentB−anomalies. Both
papers are quite detailed in their exposition, providing
information about fermion mass model building through
additional vector-like representations of the gauge group.
It is our purpose here to provide a simplified broad-
brush formulation of the model and apply the latest
bounds and fits, which have changed significantly since
the model’s conception.
The paper proceeds as follows: in §2, we define the
model, examining the couplings to fermions, which are
of paramount importance for phenomenology. To spec-
ify a model for phenomenological study, it is necessary
to make further assumptions about quark mixing; these
are made in §3. Then, in §4, we examine the consistency
of NCBA fits with other experimental constraints. A
novel signal process, flavonstrahlung, is identified. In §5,
we provide a summary and discussion. Technical defini-
tions of mixing matrices and fields are made available
in Appendix A.
2 B3 − L2 Model
The gauge group of the model is SU(3) × SU(2)L ×
U(1)Y ×U(1)B3−L2 . We display the charge assignments
Q′Li u
′
Ri
d′Ri L
′
1 L
′
2 L
′
3
0 0 0 0 -3 0
e′R1 e
′
R2
e′R3 ν
′
R1
ν′R2 ν
′
R3
0 -3 0 0 -3 0
Q′L3 u
′
R3
d′R3 H θ
1 1 1 0 qθ
Table 1 B3 − L2 charge assignments of fields. A prime
denotes a weak eigenstate Weyl fermion. Under SU(3) ×
SU(2)L × U(1)Y , the fields have representation Q′Lj ∼
(3, 2, 1/6), L′Lj ∼ (1, 2,−1/2), e′Rj ∼ (1, 1,−1), d′Rj ∼
(3, 1,−1/3), u′Rj ∼ (3, 1, 2/3), ν′Rj ∼ (1, 1, 0), H =
(H+, H0)T ∼ (1, 2, 1/2), respectively. i ∈ {1, 2}, j ∈
{1, 2, 3} are family indices. The flavon, θ, is a SM-singlet com-
plex scalar field and qθ is a non-zero rational real number.
of the fields in the model under U(1)B3−L2 in Table 1.
The chiral fermions are all in vector-like representa-
tions with respect to U(1)B3−L2 and so standard ar-
guments imply that the symmetry is free from local
perturbative anomalies, given that the SM plus three
right-handed neutrinos is free of gauge anomalies un-
der SU(3)× SU(2)L × U(1)Y .
At the renormalisable unbroken level, U(1)B3−L2
predicts that the Yukawa matrices of SM fermions (see Ap-
pendix A for definitions and conventions) have the tex-
ture
Yu ∼
× × 0× × 0
0 0 ×
 , Yd ∼
× × 0× × 0
0 0 ×
 , Ye ∼
× 0 ×0 × 0
× 0 ×
 ,(6)
where× denotes an arbitrary dimensionless entry, which
may be non-zero. From this prediction, we deduce that
the Cabbibo-Kobayashi-Maskawa (CKM) matrix has
zero entries for Vub, Vcb, Vts and Vtd. However, the
U(1)B3−L2 symmetry is spontaneously broken by the
vacuum expectation value 〈θ〉 of a flavon: a SM sin-
glet scalar θ with non-zero B3 − L2 charge qθ. This
breaking will replace the zero entries in (6) by small
corrections. The model then predicts that the magni-
tudes of the CKM matrix entries Vub, Vcb, Vts and Vtd
are suppressed from unity by some small factor. This
qualitative prediction [42,44] agrees with current exper-
imental estimates: |Vcb| = (41.0 ± 1.4) × 10−3, |Vub| =
(3.82± 0.24)× 10−3, |Vtd| = (8.0± 0.3)× 10−3, |Vts| =
(38.8±1.1)×10−3 [13]. We note that fermion mass data
dictate that there should be hierarchies within the ×
symbols of each matrix in (6). A more complete higher-
scale theory could explain such hierarchies. The (33)
entry of each matrix should not be suppressed, in or-
der to explain the hierarchically large masses of third
family fermions as compared to the other two families.
Smaller corrections to the zeroes will then indeed pre-
3dict small entries for the magnitudes of Vub, Vcb, Vts
and Vtd.
Neutrinos acquire mass through the see-saw mech-
anism with an initial symmetric mass matrix (whose
basis is defined in (A.4)):
Mν =

0 0 0 † 0 †
0 0 0 0 † 0
0 0 0 † 0 †
† 0 † ∗ 0 ∗
0 † 0 0 0 0
† 0 † ∗ 0 ∗
 , (7)
where the entries marked † are of order the electroweak
scale multiplied by the neutrino Yukawa couplings Yν
and we expect the entries marked ∗ to be much greater
than †, since the mass scale ∗ is not fixed to the elec-
troweak scale by any symmetry. As it stands, (7) has
two eigenvalues of order ∗, two of order † and two of or-
der †2/∗. However, we expect some of the zeroes in (7)
to be corrected by ‘small’ non-renormalisable correc-
tions from the spontaneous breaking of U(1)B3−L2 : in
particular, the bottom right-hand 3 by 3 sub-matrix will
be corrected by terms of order ∗ times a small number.
It is expected that such corrections will still be many
orders of magnitude above †. Depending on the value of
qθ, some of the other entries may be corrected by terms
of order 〈θ〉. However, it is not our intention here to
go into the minutæ of fermion mass model building for
the model; instead we shall be content with the ‘broad-
brush’ sketch expected of three very light neutrinos and
three very heavy ones resulting from the expected small
corrections and the see-saw mechanism.
We begin with the couplings of the U(1)B3−L2 gauge
boson Z ′µ to fermions in the Lagrangian in the weak
(primed) eigenbasis
LZ′ψ = −gZ′
(
Q′3L /Z
′
Q′3L + u
′
3R
/Z
′
u′3R + d
′
3R
/Z
′
d′3R
−3L′2L /Z
′
L′2L − 3e′2R /Z
′
e′2R − 3ν′2R /Z
′
ν′2R
)
, (8)
where g′Z is the U(1)B3−L2 gauge coupling. U(1)B3−L2
is broken by 〈θ〉 6= 0 and so the Z ′ acquires a mass
MZ′ = qθgF 〈θ〉. (9)
We shall see below that a combination of LHC search
bounds and NCBAs will imply that MZ′ is at least of
order the TeV scale. We assume that the approximately
right-handed neutrinos discussed above have a much
higher mass than MZ′ . The Z
′ boson ‘eats’ one real de-
gree of freedom of θ via the Brout-Englert-Higgs mecha-
nism [60,61] to form its longitudinal polarisation mode.
We expand θ = (〈θ〉 + ϑ)/√2, in terms of the one real
physical flavon degree of freedom in the spontaneously
broken theory, ϑ. Its tree-level mass mϑ, depends on
Z′
sL
bL µ+
µ−
Fig. 1 Tree-level Feynman diagram of a process which con-
tributes to the NCBAs.
free parameters in the θ potential, but we expect it to
be of order 〈θ〉.
Writing the weak eigenbasis fermionic fields as 3-
dimensional vectors in family space uR
′,QL′ = (uL′, dL′),
eR
′, dR′, LL′ = (νL′, eL′), we define the 3 by 3 unitary
matrices VP , where P ∈ {uR, dL, uL, eR, uR, dR, νL, eL}.
These transform between the weak eigenbasis and the
mass (unprimed) eigenbasis2 as detailed in Appendix
A:
P′ = VPP. (10)
Re-writing (8) in the mass eigenbasis and using the
quark and lepton mixing matrices V and U defined in
(A.8)
LZ′ψ = −gZ′
(
dLΛ
(dL)
Ξ
/Z
′
dL + uLΛ
(uL)
Ξ
/Z
′
uL
+uRΛ
(uR)
Ξ
/Z
′
uR + dRΛ
(dR)
Ξ
/Z
′
dR
−3eLΛ(eL)Ω /Z
′
eL − 3νLΛ(νL)Ω /Z
′
νL
− 3eRΛ(eR)Ω /Z
′
eR − 3νRΛ(eR)Ω /Z
′
νR
)
, (11)
we have defined the 3 by 3 dimensionless Hermitian
coupling matrices
Λ(I)α := V
†
I αVI , (12)
where I ∈ {uL, dL, eL, νL, uR, dR, eR, νR}, α ∈ {Ξ,Ω}
and
Ξ :=
 0 0 00 0 0
0 0 1
 , Ω :=
0 0 00 1 0
0 0 0
 . (13)
Provided that (VdL)23 6= 0, (11) contains tree-level cou-
plings of the Z ′ to bLsL, sLbL and µ+µ−. Thus, it shows
promise to explain the NCBAs through processes such
as the one in Fig. 1.
3 Example Case
In order to specify the model further, we should de-
tail the mixing matrices VI . However, we have not con-
structed a detailed model for them. Here, we shall make
a simple ansatz for fermion mixing matrices which is
likely to not to be ruled out by other flavour bounds on
2P and P′ are column vectors.
4flavour changing neutral currents but which is favourable
from the point of view of the NCBAs. For example, in
order to successfully describe the NCBAs, we require
(VdL)23 6= 0. We shall examine the limit (which we call
‘(B3 − L2)eg’) where
VdL =
1 0 00 cos θsb − sin θsb
0 sin θsb cos θsb
 , (14)
VdR = 1, VeR = 1, VeL = 1 and VuR = 1, meaning that
VuL = VdLV
†, VνL = U
†, where U is the lepton mix-
ing matrix defined in Appendix A. Thus, the predicted
tree-level flavour changing neutral currents are, aside
from the Z ′ coupling to b¯s, relegated to the up quarks
and neutrinos, where the bounds from experiment are
significantly weaker. Our assumptions here are of course
strong, but they merely constitute an example case for
early phenomenological study in order to assess viabil-
ity. Extracting the couplings of the Z ′ relevant for the
NCBAs, we have
L = −gZ′
[(
1
2
sin 2θsbs¯ /Z
′
PLb+H.c.
)
− 3µ¯ /Z ′µ.
]
+. . .(15)
Thus, by identifying (15) with (5), we have gsb = (gZ′/2) sin 2θsb,
gµL = gµR = −3gZ′/2.
4 Phenomenology
We have now specified the (B3−L2)eg enough to apply
experimental constraints to it. We first bound its free
parameters through the fit to the NCBAs and then go
on to derive other pertinent bounds before considering
predictions.
4.1 Fit to NCBAs
At energy scales far below MZ′ , in the effective theory
where the Z ′ is integrated out, (15) becomes
L = 3g
′
Z
2
2M2Z′
sin 2θsb(s¯γ
ρPLb)(µ¯γρµ) +H.c., (16)
where γρ are Dirac matrices, PL is a left-handed pro-
jection matrix and ρ ∈ {0, 1, 2, 3} is a space-time index.
The fits prefer no sizeable contributions from the oper-
ator in (16) obtained by switching PL → PR [17] and
indeed, since we have assumed VdR = 1, we predict none
(at tree level3). Substituting gsb, gµL and gµR obtained
above into (5), we have
sin 2θsb = −5.1× 10−4
(
MZ′
gZ′TeV
)2
C9. (17)
3Our level of approximation is tree level throughout.
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Fig. 2 sin 2θsb in the (B3−L2)eg as constrained by a fit [17]
to the NCBAs in (17). Central C9 = −0.97 and lower C9 =
−0.65.
Z′
b
s s
b
Fig. 3 Tree-level Feynman diagram of a beyond the SM
contribution to Bs −Bs mixing.
Requiring that sin 2θsb ≤ 1 implies that
gZ′TeV/MZ′ ≥ 0.023
√
C9/(−0.97). (18)
The (B3 − L2)eg has three pertinent free parameters:
MZ′ , θsb and gZ′ . It will suit us to adopt (17) with
the inferred empirically-fitted input for C9 in order to
reduce the number of free-parameters to two, so that
the parameter space of the model can be captured and
plotted in two dimensions. The central value of C9 as
extracted from fits to the NCBAs shown in (2) will be
the ‘central C9’ value of -0.97, however we will also refer
to the ‘lower C9’ value. This is the value of C9 which is
closest to the SM limit but still fits the relevant data to
within 2σ (i.e. C9 = −0.65 [17]). We display the value
of sin 2θsb for these two cases in Fig. 2.
4.2 Bs −Bs mixing
Since our Z ′ couples to bottom and strange quarks, it
induces a beyond the SM contribution to Bs−Bs mix-
ing via the process in Fig. 3. The value of the bound
depends on lattice data [62] which change the SM pre-
diction. These have varied significantly over the last
decade. We use a recent determination based on lattice
5b
b
µ+
µ−
Z′
Z′
qi
qj
µ+
µ−
Fig. 4 Example Feynman diagrams of tree-level B3 − L2
inclusive Z′ production at the LHC followed by decay into
muons. qi,j ∈ {u, c, d, s, b} are such that the combination
qiqj has zero electric charge.
data and sum rules [63] which implies that4 gZ′ sin 2θsb/2 ≤
MZ′/194 TeV [64]. Using (17), we obtain the lower bound
gZ′
TeV
MZ′
≥ 0.048 C9−0.97 . (19)
The fact that this is a lower bound might at first seem
counter-intuitive, until one realises that, for lower val-
ues of gZ′TeV/MZ′ , one can only fit the NCBAs with a
larger value of sin 2θsb, i.e. a larger Z
′ coupling to bot-
tom and strange (anti-)quarks and therefore a larger
contribution to Bs −Bs mixing.
4.3 Z ′ width and perturbativity
The partial width of a Z ′ decaying into a Weyl fermion
fi and and Weyl anti-fermion f¯j is
Γij =
C
24pi
|gij |2MZ′ , (20)
where gij is the coupling of the Z
′ boson to fif¯j and C is
the number of colour degrees of freedom of the fermions
(here, 3 or 1). In the limit that mt/MZ′ → 0, we may
approximate all fermions as being massless. Summing
over fermion species (it is simplest to do this in the
weak eigenbasis), we obtain a total width Γ :
Γ
MZ′
=
13g2Z′
8pi
. (21)
To remain in the perturbative re´gime such that we
may trust our perturbative calculations, we should have
Γ/MZ′ < 1, i.e. gZ′ <
√
8pi/13 = 1.4. Substituting this
into (19) yields an upper bound MZ′ ≤ 29(−0.97/C9)
TeV from perturbativity, fits to NCBAs and Bs − Bs
mixing measurements.
4.4 LHC Z ′ Searches
The ATLAS experiment has performed various searches
in pp collisions at the LHC for resonant Z ′ vector bosons
4In the present paper, we quote all single-sided empirical
bounds at the 95% confidence level.
decaying into different final states. None of them have
found a significant signal to date and so lower limits
are placed upon the production cross-sections times
branching ratios as a function of the invariant mass
of the final state. For example, a 36.1 fb−1 13 TeV
search in tt¯ imposes σ × BR(Z ′ → tt¯) < 10 fb for
large MZ′ [65,66]. A di-tau final state search from the
8 TeV run imposes σ × BR(Z ′ → τ+τ−) < 3 fb for
large MZ′ [67]. However, the most constraining chan-
nel for the (B3 − L2)eg is from a Z ′ → µ+µ− in 139
fb−1 of 13 TeV pp collisions [68], where, for MZ′ = 6
TeV, σ × BR(Z ′ → µ+µ−) < 0.015 fb, where σ is the
fiducial Z ′ production cross-section. We shall therefore
use this search to constrain the model5. Feynman di-
agrams of example Z ′ production signal processes are
shown in Fig. 4.
In this ATLAS di-muon resonance search, each muon
is required to have a transverse momentum pT > 30
GeV, pseudo-rapidity magnitude |η| < 2.5 and a di-
muon invariant mass mµµ > 225 GeV. ATLAS has al-
ready taken efficiencies into account in their published
bounds so there is no need to simulate the detector.
Upper bounds s(MZ′ , z) on σ × BR(Z ′ → µ+µ−) are
published for z := Γ/MZ′ values from 0 to 0.1 [69]. In
Ref. [64], it was shown that a function
s(z,MZ′) = s(0,MZ′)
[
s(0.1,MZ′)
s(0,MZ′)
] z
0.1
(22)
fits the given published bounds well in the given domain
z ∈ [0, 0.1]. We shall also use (22) to extrapolate slightly
outside of this domain, but will delineate regions of pa-
rameter space where the bound is extrapolated rather
than interpolated.
The (B3−L2)eg model was encoded into UFO format
via FeynRules [70,71] for inclusion into an event gen-
erator. We calculate the fiducial cross-section σ(pp →
Z ′ → µ+µ− with the MadGraph 2 6 5 [72] event gener-
ator6 for a centre of mass energy of 13 TeV. We have
added the possibility of producing an additional jet
along with the Z ′ so that the second diagram of Fig. 4
is included in our estimate of the cross-section. We also
use five flavour parton distribution functions to re-sum
initial state b−quark logarithms [73] and neglect inter-
ference with SM backgrounds. We display an allowed
parameter space point (MZ′ = 3 TeV, gZ′ = 0.15) in
Table 2. From the table, we can see that the dominant
process is bb¯→ Z ′ → µ+µ−, the sub-dominant process
is (bg → Z ′b → µ+µ−b+ CP conjugate). The other
tree-level processes simulated make a negligible contri-
bution to the cross-section.
5The analogous CMS search has yet to be published
6The UFO model file can be found in the ancillary information
attached to the arXiv preprint version of this paper.
6MZ′ 3 TeV
gZ′ 0.15
sin 2θsb 0.20
Γ 35 GeV
s(MZ′ , z) 0.069 fb
σ(pp→ Z′ → µ+µ−) (+j) 0.033 fb
BR(Z′ → µ+µ−) 0.46
BR(Z′ → tt¯) 0.15
BR(Z′ → bb¯) 0.15
σ(bb¯→ Z′ → µ+µ−) 0.026 fb
σ(gb→ Z′b→ µ+µ−b) 0.007 fb
σ(sb¯→ Z′ → µ+µ−) 6.1× 10−4 fb
Table 2 Example point in (B3 − L2)eg parameter space
that fits the NBCAs (for central C9 = −0.97) and survives
all constraints. We show the largest partonic contributions
to the cross-section at the bottom of the table. For the last
two rows, the CP conjugated process has been added to the
cross-section contribution. ‘(+j)’ refers to the fact that the
cross-section includes the addition of another jet in the final
state.
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Fig. 5 Constraints upon (B3 −L2)eg. sin 2θsb has been set
as in (17) such that every point fits the NCBAs. The white
region is currently allowed. The red and blue coloured regions
show the 95% excluded regions from a 13 TeV 139 fb−1 AT-
LAS Z′ → µ+µ− search [68] and from Bs − BS mixing as
in (19), respectively. The latter bound moves from the blue
coloured region at lower C9 = −0.65 to the region below the
dashed line for central C9 = −0.97 The direct search bound is
extrapolated above the solid curve and interpolated between
ATLAS data below it, according to (22).
In Fig. 5, we display constraints upon the (B3 −
L2)eg parameter space. There is only a small region of
parameter space where the ATLAS di-muon resonance
search bounds have been extrapolated (slightly): above
the solid line. The white region of the figure is allowed
by all constraints. We see that MZ′ > 1.9 TeV from
these. The direct search constraint does not change by
eye from the one shown in the figure when one chooses
Z′
ϑ
qi
qj
µ+
µ−
h
h
Fig. 6 Feynman diagram of flavonstrahlung process at a
hadron collider. qi,j ∈ {u, c, d, s, b} are such that the com-
bination qiqj has zero electric charge.
the central value of C9 = −0.97 from the NCBA fit or
the lower value. We may understand this by the fact
that sin 2θsb is small throughout the vast majority of
the plot, whichever value of C9 is used, in accordance
with Fig. 2. The dominant Z ′ production amplitude is
proportional to the Z ′b¯b coupling, which is proportional
to gZ′ cos 2θsb ≈ gZ′ and so loses the sensitivity7 that
sin 2θsb has on C9 through (17). The Bs mixing bound
is however sensitive to a change in C9 (via its effect on
gsb) and the bound becomes the dashed line for central
C9. So: for central C9, one concludes that MZ′ > 2.2
TeV. For either value of C9 and throughout the allowed
parameter space shown, BR(Z ′ → µ+µ−), BR(Z ′ →
b¯b) and BR(Z ′ → t¯t) do not change (to the significant
figure quoted) from the values in Table 2.
4.5 Flavonstrahlung
In the unbroken U(1)B3−L2 theory, θ interacts with the
Higgs boson via the Lagrangian density term−λθHθθ†HH†.
Supposing that the dimensionless coefficient λθH 6= 0,
the flavon ϑ will then decay into two physical Higgs
bosons hh with approximately 100% branching ratio.
Moreover, the θ kinetic term leads to the Lagrangian
density term g2Z′q
2
θZ
′
µZ
′µ〈θ〉ϑ after spontaneous sym-
metry breaking. Thus, if a proton-proton collider has
sufficient energy and luminosity, it may produce Z ′ϑ,
leading to the spectacular signature of µ+µ−hh, where
µ+µ− have a resonance at an invariant mass of MZ′
and hh have one at the flavon mass mϑ. This ‘flavon-
strahlung’ process is depicted in Fig. 6. Flavonstrahlung
would of course not be the first detection of beyond the
SM physics in the model: Z ′ production followed by de-
cay into µ+µ− would most likely be the first, followed
perhaps by Z ′ → tt¯ and bb¯. Flavonstrahlung is sup-
pressed compared to exclusive Z ′ production because
of its larger final-state phase space and kinematics, and
would thus require significantly more luminosity and
partonic energy to detect.
7(20) and (21) show that BR(Z′ → µ+µ−) has no depen-
dence on C9 through sin 2θsb either.
75 Discussion
Spontaneously broken U(1)B3−L2 has parameter space
that is consistent with current direct search limits whilst
fitting neutral current B−anomalies. It simultaneously
passes other indirect limits (specifically those from mea-
surements of Bs −Bs mixing).
We have provided a simple broad-brush formula-
tion of the U(1)B3−L2 model [42,44], similar to the one
of the Third Family Hypercharge Model (TFHM) [53]
and variants [74]. We then presented an example case
for phenomenological study, the ‘(B3 − L2)eg’. The di-
rect Z ′ → µ+µ− search constraints on the (B3 −L2)eg
are quite comparable to those on similarly constructed
TFHMeg models8. In TFHMs though, the Higgs is nec-
essarily charged under the additional U(1) in order to
allow a renormalisable top Yukawa coupling (which seems
necessary, given that it is of order 1 and so is inconsis-
tent with a small effective coupling induced by symme-
try breaking). This leads to tree-level Z − Z ′ mixing
and associated strong bounds from inferences of the ρ
parameter [75], and inherited family dependence in Z0
boson couplings in the TFHMs. The U(1)B3−L2 model
is not subject to these strong bounds, however, since the
SM Higgs doublet remains uncharged under the addi-
tional U(1).
In §4.5, we have identified a novel flavonstrahlung
signal process, where pp collisions result in in Z ′ plus
flavon production, followed by Z ′ decay into µ+µ− and
flavon decay into hh. This process will also be present in
other similar NCBA-explaining U(1) extensions which
are broken by a SM singlet, since the flavon field used to
break the U(1) extension will generically have couplings
with the SM Higgs doublet. Thus, for example, TFHMs
also predict the possibility of flavonstrahlung.
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Appendix A: Conventions and fermion mixing
Here, we detail the rotation of fermion fields to the mass
basis in order to fix our conventions. We write
u′L =
u′Lc′L
t′L
 , d′L =
d′Ls′L
b′L
 , ν′L =
 ν′eLν′µL
ν′τL
 ,
e′L =
 e′Lµ′L
τ ′L
 , u′R =
u′Rc′R
t′R
 , d′R =
d′Rs′R
b′R
 ,
e′R =
 e′Rµ′R
τ ′R
 , ν′R =
 ν′eRν′µR
ν′τR
 , (A.1)
along with the SM fermionic electroweak doublets
Q′Li =
(
u′Li
d′Li
)
, L′Li =
(
ν′Li
e′Li
)
. (A.2)
The fermions acquire their masses through the terms
−LY = Q′LYuH˜u′R +Q′LYdHd′R + L′LYeHe′R +
L′LYνH˜ν
′
R +H.c.+
1
2
ν′R
c
Mν′R, (A.3)
where Yu, Yd and Ye are dimensionless complex cou-
pling constants, each written as a 3 by 3 matrix in fam-
ily space. The matrix M is a 3 by 3 complex symmet-
ric matrix of mass dimension 1, c denotes the charge
conjugate of a field and H˜ = (H0
∗
,−H−)T . After elec-
troweak symmetry breaking and the W± boson eating
the electrically charged components of the Higgs dou-
blet, we may write H = (0, (v + h)/
√
2), where v is
the Higgs vacuum expectation value, h is the physical
Higgs boson field and (A.3) includes the fermion mass
terms
−LY = u′LVuLV †uLmuVuRV †uRu′R +
d′LVdLV
†
dL
mdVdRV
†
dR
d′R +
e′LVeLV
†
eLmeVeRV
†
eRe
′
R +
1
2
(ν′L ν
′
R
c)Mν
(
ν′L
c
ν′R
)
+H.c.
+ . . . , (A.4)
where
Mν =
(
0 mνD
mTνD M
)
, (A.5)
VIL and VIR are 3 by 3 unitary mixing matrices for
each species I, mu := vYu/
√
2, md := vYd/
√
2, me :=
vYe/
√
2 and mνD := vYν/
√
2. The final explicit term
in (A.4) incorporates the see-saw mechanism via a 6 by
6 complex symmetric mass matrix. Since the elements
in mνD are much less than those in M , one performs
a rotation to obtain a 3 by 3 complex symmetric mass
8matrix for the light neutrinos. To a good approxima-
tion, these coincide with the left-handed weak eigen-
states ν′L, whereas three heavy neutrinos approximately
correspond to the right-handed weak eigenstates ν′R.
The neutrino mass term of (A.4) becomes, to a good
approximation,
−Lν = 1
2
ν′cLmνν
′
L +
1
2
ν′cRMν
′
R +H.c., (A.6)
where mν := m
T
νDM
−1mνD is a complex symmetric 3
by 3 matrix.
Choosing V †ILmIVIR to be diagonal, real and pos-
itive for I ∈ {u, d, e}, and V TνLmνVνL to be diagonal,
real and positive (all in increasing order of mass from
the top left toward the bottom right of the matrix), we
can identify the non-primed mass eigenstates
uR := V
†
uRuR
′, uL := V †uLuL
′, dR := V
†
dR
dR
′,
dL := V
†
dL
dL
′, eR := V †eReR
′, eL := V †eLeL
′.
νL := V
†
νLνL
′. (A.7)
We may then find the CKM matrix V and the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix U in terms of
the fermionic mixing matrices:
V = V †uLVdL , U = V
†
νLVeL . (A.8)
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